This work has achieved the control of micromachined tweezers for the enhancement of the sensing of DNA molecules. The tool allows a routine trapping of the molecules and the real-time monitoring of the mechanical properties of the bundle of molecules. Monitoring the resonance response of the system, the bundle and the interactions of enzymes or proteins are characterized. Furthermore the design and the implementation of state feedback decrease the equivalent stiffness of the system and improve the sensitivity of the tool.
INTRODUCTION Context
Biological characterizations on DNA molecules have been routinely achieved using silicon nanotweezers as a sensing tool, monitoring the mechanical resonance frequency of the system [1] .
DNA molecules are trapped by dielectrophoresis in between the nanotips of the tweezers and form bundle of several hundreds of DNA molecules (Figure 1-c) . The MEMS integrates electrostatic comb-drive actuator and capacitive sensor with sub-nanometer position resolution (Figure 1-a) . The in-situ real-time monitoring of the mechanical parameters allowed the characterizations of molecules trapping [2] or the digestion kinetics of DNA by restriction enzymes [3] or the binding of molecules on a DNA bundle [4] .
Objective
The resolution of the current system is limited by the resolution of the electronic circuit, while the sensitivity is limited by the mechanical design of the tweezers.
In order to improve the overall system sensitivity to stiffness characterizations, here we aim to decrease the tweezers stiffness. However such a design would result in a system too fragile for fabrication and experimentation. As it remains problematic to design a new all-integrated MEMS device with extremely low stiffness (i.e. < 1N/m), we propose a new method to emulate a compliant system.
CONTROL METHOD
Based on a model of the system, a state feedback gain is computed in order to obtain a new system with a lowered frequency of resonance with respect to the natural frequency of the tweezers. 
Model-based method
The design, the microfabrication and the instrumentation of the silicon nanotweezers (SNT) are deeply detailed in [5] . The SNT shows a main resonance in the direction of the integrated electrostatic actuation. The design of the mechanical structure has been studied such as others dynamics are higher in frequency. The SNT can be identified as a one dimensional 2 nd order oscillator. From the Newton's second law, we write:
where x is the displacement of tip, t the time, M the mass of the moving tip, k the mechanical stiffness of the suspensions and v the Stokes viscous losses mainly due to the medium, i.e. confined air in actuator and sensor gaps and liquid when immersed in solution. F es is he electrostatic force applied through the comb-drive actuator. Model parameters are experimentally identified and summarized in Table 1 (2) and
y is the output vector, i.e. the measurement of the velocity of the tip since the capacitive sensor is used as to measure the charge variations due to the motion of the central electrode.
Sensing method and resolution
The system is driven at its resonance frequency such as the stiffness resolution (or the minimum change in DNA molecules number) that can be sensed due to the stiffness variation is related to the sensitivity of the tweezers, that is to say : ∂f R / ∂k . The equation of the mechanical resonance frequency f R of the system is:
So that the derivative ∂f R / ∂k is:
From Equation 5 , it appears that if we reduce the resonance frequency f R , the sensitivity to stiffness is enhanced. This is equivalent to reduce the effective stiffness of the system. 
State feedback control
The control design strategy is the one implemented in Figure 2 . We propose to use a state feedback eigenstructure assignment approach. Indeed the closedloop resonance frequency can be assigned through a complete pole placement. Yet the main drawback of such a control strategy is that it requires implementing an observer to reconstruct the system state vector. The design of the observer is not discussed here but is detailed in [5] .
Let us consider the system under its controllable 
Figure 2: Feedback control and PLL schematic. Silicon nanotweezers (SNT) integrate electrostatic comb-drive actuator and capacitive sensor allowing feedback implementation. State feedback implementation requires in addition the design of an observer for system state reconstruction.
The resonance frequency of the closed loop system becomes:
And the derivative ∂f R−cl / ∂k is:
Theory and simulations predict that when the new resonance frequency is made to be 2 times lower than the tweezers natural resonance frequency, the sensitivity to stiffness variation (due to DNA structural modifications for example) is 2 times improved.
RESULTS

Bio-experimentation method
We demonstrate the enhancement by the monitoring of reactions on DNA with HindIII restriction enzymes in open-loop and in closed-loop. The feedback is implemented on a dSPACE prototyping board, carrying out the sensor signal integration and the device control generation. For this experiment, the resonance frequency is reduced with a factor 1.2 expecting to improve the sensitivity by a factor 1.2.
After trapping of DNA molecules, the probes of the tweezers with trapped bundle are introduced into the reaction cell filled with the enzyme solution (Figure 3 ). Frequency response of the tweezers is continuously recorded with 50ms-time resolution using a PhaseLocked-Loop (PLL) algorithm. Figure 6 shows also that the experimental sensitivity is slightly more enhanced than the theory predicts. This result needs further investigations. However since the design of the state feedback is model parameter dependent, a slight error on the model identification may cause difference on the experimental performances. The model dependency of the method is an issue to be better considered and studied.
Real-time monitoring and comparison
Discussion
Finally Figure 7 tends to demonstrate that the noise on the measurement is not affected or amplified by the feedback gain L = ( l 1 l 2 ). 
CONCLUSION
An enhancement of the sensitivity to parameter variations was demonstrated using closed-loop control. The sensing limit is currently the detection of 30 λ-DNA molecules stiffness (i.e. 1mN/m) in liquid (Figure 7) . Approaching the sensitivity of one DNA molecule clears the way for routine biological experiments on single molecule with MEMS tweezers, like with complex systems such as AFM or optical tweezers. This novel method opens up the possibility to achieve this objective and can be applied to other MEMS actuators/sensors where low stiffness is required. 
